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$EVWUDFW 
 
0DJQHWL]DWLRQ LV SURGXFHG LQ VDPSOHV RI =Q2 E\ LPSODQWLQJ NU\SWRQ LRQV .U\SWRQ LV
FKHPLFDOO\ LQHUW KHQFH WKH PDJQHWL]DWLRQ LV WKH FRQVHTXHQFH RI WKH UDGLDWLRQ GDPDJH WKDW
RFFXUUHG GXH WR WKH LPSODQWDWLRQ SURFHVV :H KDYH IRXQG PDJQHWL]DWLRQV DV ODUJH DV 
HPXFPDWURRPWHPSHUDWXUHZKLFKFRUUHVSRQGVWRDPRPHQWVRIa%RKUPDJQHWRQVSHU
LPSODQWHGNU\SWRQLRQ5HVXOWVDUHFRPSDUHGIRULPSODQWDWLRQLQWRGLIIHUHQW=Q2VDPSOHV2
DQG =Q SRODU WKLQ ILOPV DQG WKLQ =Q2 FU\VWDO ZDIHUV 7KH VWUXFWXUH RI WKH ILOPV KDV EHHQ
LQYHVWLJDWHGXVLQJ5+(('$)0;5'DQG(;$)67KH2SRODU ILOPJUHZLQD OD\HUE\
OD\HUPRGHDQGDIWHULPSODQWDWLRQ LWV ODWWLFHVSDFLQJLQFUHDVHGDQGWKHJUDLQVL]HGHFUHDVHG
ZKLFKLQGLFDWHGWKDWWKH.UDWRPVKDGEHHQLQFRUSRUDWHGLQWRWKHODWWLFH,QFRQWUDVWWKH=Q
SRODUILOPJUHZLQ6WUDQVNL.UDVWDQRYPRGHDQGLWVODWWLFHVSDFLQJDQGJUDLQVL]HZHUHDOPRVW
XQFKDQJHG E\ WKH LPSODQWDWLRQ LQGLFDWLQJ WKDW WKH .U DWRPV ZHUH LQ WKH JUDLQ ERXQGDULHV
5DPDQVFDWWHULQJLVXVHGWRFKDUDFWHUL]HWKHUDGLDWLRQGDPDJHDQGWRLGHQWLI\VFDWWHULQJIURP
DPRUSKRXV UHJLRQV LQ JUDLQ ERXQGDULHV DQG WKH VFDWWHULQJ IURP SRLQW GHIHFWV 7KH ODUJHVW
PDJQHWL]DWLRQLVIRXQGLQWKHO-polar =Q2ILOPVZKHUHWKHUHLVDPDUNHGgrain fragmentation,
OHDGLQJWRDQLQFUHDVHLQWKHYROXPHRIWKHVDPSOHRFFXSLHGE\JUDLQERXQGDULHV7KHLQFUHDVH
LQWKHQXPEHUVRISRLQWGHIHFWVZKLFKZHUHLGHQWLILHGE\5DPDQVFDWWHULQJIRUILOPVRIERWK
SRODULW\ZDVOHVVHIIHFWLYHDWSURGXFLQJDPDJQHWLFVLJQDOWKDQWKHJUDLQERXQGDULHV 
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1. Introduction 
ZnO-based dilute magnetic semiconductors (DMS) have attracted much attention over the 
past decadeIRUpotential application in spintronic devices [1-3]. Many papers report that the 
inclusion of transition metal (TM) dopants in ZnO leads to room temperature (RT) 
ferromagnetism [2,3]. Magnetism has also been observed in non-TM or un-doped ZnO, this is 
a new area of research, defect induced ferromagnetism, or d0 ferromagnetism [4-8]. ZnO is 
nonmagnetic when it is stoichiometric and its conductivity is very low. It has been shown to 
exhibit d0 magnetization when it has been grown with a large excess of oxygen and this has 
been attributed to Zn vacancies which are acceptors [9-11] but it is also magnetic when it is 
grown oxygen deficient and then the magnetization is attributed to oxygen vacancies and the 
conductivity is n-type [12-14].  Coey et al. proposed that the magnetism is due to a shallow 
impurity band that could split spontaneously, if it was sufficiently narrow, and that the 
temperature dependence of the magnetization would be as described by Stoner theory leading 
to a very high transition temperature [15, 16]. Some authors have considered that this impurity 
band arises from point defects [8] but others have argued that it originates at grain boundaries 
[17-19]. Our results point clearly to the importance to magnetism of the grain boundaries in 
our samples of ZnO.  
Ion implantation is a non-equilibrium and reproducible method to introduce defects into 
crystalline materials. Accelerated ions will leave a trail of atoms displaced from their 
equilibrium lattice sites, thus creating vacancies, interstitials or antisites which both donors and 
acceptors [20] before they finally come to rest. The distribution and concentration of the defects 
can be controlled by varying the ions energy and dose. 
ZnO has the wurtzite structure with a lack of inversion symmetry along the c-axis so that 
ZnO has opposite polarization faces along this direction which are Zn-polar ZnO(0001) and O-
polar ZnO( 000 1 ). The two polar surfaces are reported to give structurally and chemically 
different films [21]. The surface porosity and ability to absorb impurities of the O-polar films 
has led to their use in catalysis [22-24]. Our previous work showed that magnetism was 
observed for As implanted in O-polar, but was very weak in Zn±polar films [25]. Arsenic is a 
group five element that has been considered as a candidate for hole doping in ZnO due to the 
formation of a magnetic (AsZn-2Znv) complex [26]. This work describes the magnetic effects 
of defects produced solely by radiation GDPDJHDQGQRWE\FKHPLFDOERQGLQJDVWKH.UDWRPLV
LQHUWWe UHSRUWRQDVHULHVRIH[SHULPHQWVRILPSODQWDWLRQRIQPWKLFNpolar ZnO films 
that were grown on sapphire substrates using a radio frequency plasma-assisted molecular 
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beam epitaxy (MBE) system and also on commercially sourced polar ZnO single crystalsZLWK
WKLFNQHVVRIPP7KHSRODUFU\VWDOVKDYHRQH2SRODUDQGRQH=Q±SRODUIDFHDQGERWKIDFHV
ZHUHLPSODQWHGDQGVWXGLHGLQZKDWIROORZV 
 
2. Experimental details 
$5)SODVPDDVVLVWHG0%(V\VWHP2PQL9DFZDVXVHGWRJURZKLJKTXDOLW\2DQG=Q
SRODU =Q2 ILOPV RI QP RQ VDSSKLUH VXEVWUDWHV 6DSSKLUH VXEVWUDWHV ZHUH H[SRVHG WR DQ
R[\JHQSODVPD:VFFPDWć IRUPLQVWRREWDLQDXQLIRUPR[\JHQWHUPLQDWHG
VXUIDFH>@$IWHUWKDWDWKLQ0J2EXIIHUOD\HUZDVSUHSDUHGDWćZKLFKZDVIROORZHG
E\D=Q2EXIIHUOD\HUDQGDQHSLOD\HUJURZWKDWćDQGćUHVSHFWLYHO\,WZDVIRXQG
WKDWDQXOWUDWKLQURFNVDOW0J2EXIIHUOD\HUOHDGVWR2SRODU=Q2ZKLOHDWKLFNZXUW]LWH0J2
UHVXOWV LQ =Q SRODU =Q2 >@ 7KH LQSODQH HSLWD[LDO UHODWLRQVKLS DQG VXUIDFH PRUSKRORJ\
HYROXWLRQZHUHPRQLWRUHGLQVLWXE\UHIOHFWLRQKLJKHQHUJ\HOHFWURQGLIIUDFWLRQ5+(('.U
LRQVZHUHDOVRLPSODQWHGLQWRFRPPHUFLDO=Q2ZDIHUVWKDWZHUHPPWKLFN7KHVHZDIHUV
EHHQSUHSDUHGZLWK2SRODUDQG=QSRODUVXUIDFHVE\+HIHL.HMLQJ0DWHULDOV7HFKQRORJ\&2
/7'+LJKTXDOLW\krypton ionsZHUHLQWURGXFHGLQWRWKH2SRODUDQG=QSRODU=Q2ILOPVDQG
ZDIHUVE\XVLQJLRQLPSODQWDWLRQ$VHTXHQFHRIIRXULPSODQWDWLRQHQHUJLHV.H9.H9
.H9DQG.H9ZDVXVHGWRSURGXFHDQHDUO\HYHQGLVWULEXWLRQRI.ULRQVWKURXJKRXWD
WKLFNQHVVRIDERXWQPLQWKHVDPSOHV7KUHHconcentrations of 5h1019, 1h1020, and 5h
1020 cm-3 for Kr ions were implanted and studied in this paper. XUD\GLIIUDFWLRQ;5'DQG
Raman spectroscopy PHDVXUHPHQWV KDYH EHHQ FDUULHG RXW WR FKDUDFWHUL]H WKH LPSODQWDWLRQ
LQGXFHGGLVRUGHULQ=Q2ILOPVDQGFU\VWDOVThe position of the Kr in the lattice was observed 
directly usinJ H[WHQGHG [UD\ DEVRUSWLRQ ILQH VWUXFWXUH VSHFWURVFRS\ (;$)6 WDNHQ DW
EHDPOLQH %0 DW WKH$GYDQFHG 3KRWRQ 6RXUFH XVLQJ IOXRUHVFHQFH GHWHFWLRQ ZLWK a 13-
element Ge detector and a Si (111) monochromator.$WRPLF IRUFH PLFURVFRS\$)0ZDVXVHG
WRVKRZWKHHYROXWLRQRIWKHVXUIDFHPRUSKRORJ\RISRODU=Q2ILOPVDIWHULPSODQWDWLRQThe 
magnetic propertiesZHUHFKDUDFWHUL]HGXVLQJDVXSHUFRQGXFWLQJTXDQWXPLQWHUIHUHQFHGHYLFH
648,'PDJQHWRPHWHU The magnetization of the Kr doped films was found by subtracting 
the VLJQDOPHDVXUHG IRU WKHXQGRSHG=Q2ILOPVRQ WKHVXEVWUDWH IURP WKDWREWDLQHG IRU WKH
LPSODQWHGILOP 
 
3. Results and discussion 
)LJXUHVDDQGEVKRZWKH5+(('SDWWHUQVGXULQJWKHJURZWKRI2SRODUDQG=QSRODU
=Q2ILOPVRQ$O2VXEVWUDWHVWDNHQDORQJWKHሾ ? ? ? ?ሿD]LPXWKRIVDSSKLUHVXEVWUDWH
 ? 
 
$QXOWUDWKLQURFNVDOW0J2EXIIHUQPOD\HUOHDGVWR2SRODU=Q2ZLWKYHU\IODWVXUIDFH
PRUSKRORJ\DQGJURZQLQDOD\HUE\OD\HUPRGHDVLVFRQILUPHGE\WKHVKDUSVWUHDN\5+(('
SDWWHUQLQ)LJDIRU=Q2HSLOD\HU$WKLFNZXUW]LWH0J2UHVXOWVLQ=QSRODU=Q2ZKLFKLV
JURZQLQDW\SLFDO6WUDQVNL.UDVWDQRYPRGH7KHLQSODQHHSLWD[LDOUHODWLRQVKLSIRUSRODU=Q2
ILOPV DUH =Q2 ሾ ? ? ? ?ሿ $O2 ሾ ? ? ? ?ሿ DQG =Q2 ሾ ? ? ? ?ሿ0J2 ሾ ? ? ? ?ሿ$O2 ሾ ? ? ? ?ሿ 
UHVSHFWLYHO\ 
 
 
)LJ7KH5+(('SDWWHUQHYROXWLRQGXULQJWKHJURZWKRI2SRODUDDQG=QSRODUE
=Q2 ILOPV RQ $O2 VXEVWUDWHV WDNHQ DORQJ WKH ሾ૚૙૚૙ሿD]LPXWK RI VDSSKLUH
VXEVWUDWH 
 
 
 ? 
 
7KH.ULRQVZHUHLPSODQWHGDWVHTXHQFHVRIIRXULPSODQWDWLRQHQHUJLHV.H9.H9
.H9DQG.H9VRDVWRSURGXFHDQHDUO\HYHQGLVWULEXWLRQVRI.ULRQVWKURXJKRXWaQP
RIWKHILOPVWKHGRVHDWHDFKHQHUJ\LVJLYHQLQ7DEOH7KHLPSODQWDWLRQGRVHZDVFKRVHQWR
JLYHFRQFHQWUDWLRQVRIîFPîFPDQGîFPLQDUDQJH[QPIURP
WKHVXUIDFHRIWKHVDPSOHDVLQGLFDWHGLQILJXUH 
Table 1 The implantation parameters: energies, doses and concentrations  
 
 Energies Dose˄ʅ˅ Concentration of Kr at chosen 
depth 
 
200KeV,  
150KeV, 
80KeV, 
30KeV 
2.5×1014 cm-2, 
5×1013cm-2, 
7.5×1013 cm-2, 
5×1013 cm-2 
5×1019cm-3 
200KeV,  
150KeV, 
80KeV, 
30KeV 
5×1014cm-2, 
1×1014cm-2, 
1.5×1014cm-2, 
1×1014cm-2 
1×1020cm-3 
200KeV,  
150KeV, 
80KeV, 
30KeV 
2.5×1015cm-2, 
5×1014cm-2, 
7.5×1014cm-2, 
5×1014cm-2 
5×1020cm-3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
),*FRORURQOLQH7KHVXPPHGLPSODQWVGLVWULEXWLRQSURILOHVRI.ULRQVVKRZLQJ
TXDVLXQLIRUPFRQFHQWUDWLRQVRIîFPîFPDQGîFPDWGHSWKV
GQP,PSODQWHGXVLQJVHTXHQFHRIIRXULPSODQWDWLRQHQHUJLHV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;5'SDWWHUQVZHUHREWDLQHGIURPWKHXQGRSHGDQG.ULPSODQWHGSRODU=Q2ILOPVDQG
FU\VWDOV LQ T-2T JHRPHWU\$OO WKH VDPSOHV H[KLELW D VLQJOH SKDVH ZLWK D W\SLFDO ZXUW]LWH
VWUXFWXUHZLWKRQO\=Q2DQGGLIIUDFWLRQSHDNVREVHUYHGGHPRQVWUDWLQJWKDWWKH
FD[LVZDVRULHQWHGRXWRISODQH7KHGLIIUDFWLRQSHDNVIURPWKHVDSSKLUHVXEVWUDWHPDUNHGDV
6ZHUHREVHUYHGEXWQRVHFRQGDU\SKDVHVZHUHGHWHFWHGZKHQWKHGDWDZDVH[DPLQHGRQDORJ
VFDOH)LJDVKRZVWKH;5'SDWWHUQVIRU WKH.UGRSHG2SRODU=Q2ILOPV7KHHQODUJHG
=Q2SHDNVLVVKRZQLQ)LJEZKLFKLOOXVWUDWHWKDWWKHGLIIUDFWLRQSHDNVVKLIWWRZDUGV
ORZHUDQJOHZLWKDQLQFUHDVHRIGRSLQJFRQFHQWUDWLRQIRU.UGRSHG2SRODUILOPVGHPRQVWUDWLQJ
WKDW WKH F ODWWLFH SDUDPHWHU XQGHUJRHV DQ REYLRXV H[SDQVLRQ DIWHU LPSODQWDWLRQ7KH ODWWLFH
SDUDPHWHUVDQGWKHIXOOZLGWKRIKDOIPD[LPXP):+0RI=Q2DUHJLYHQLQ7DEOH,,
IRUWKH2DQG=QSRODUILOPVDQGERWKIDFHVRIWKHZDIHUVREWDLQHGIURP;5'7KHLQFUHDVHRI
):+0ZLWKLPSODQWDWLRQLVDQLQGLFDWLRQRIJUDLQIUDJPHQWDWLRQEHFDXVHRIWKHODUJHODWWLFH
H[SDQVLRQFDXVHGE\.ULQFRUSRUDWLRQ7KH2SRODUILOPVVKRZWKHODUJHVWLQFUHDVHRI):+0
DQG JUDLQ IUDJPHQWDWLRQ DIWHU .U GRSLQJ ODUJHU WKDQ îFP 7KH JUDLQ VL]HV DIWHU .U
LPSODQWDWLRQZHUHHVWLPDWHGIRUWKHSRODUILOPV$VLWLVQRWYDOLGWRFDOFXODWHWKHJUDLQVL]HE\
WKH6FKHUUHUIRUPXODZKHQWKHYDOXHLVODUJHUWKDQQPZHGLGQRWJLYHWKHUHVXOWVIRUWKH
XQGRSHGILOPVDQGDOOWKHZDIHUVDVWKH\DUHDOOJUHDWHUWKDQQPIURP6FKHUUHUIRUPXOD
FDOFXODWLRQ7KH ODUJH ODWWLFHH[SDQVLRQDQGVPDOOJUDLQ VL]H LQ WKH.UGRSHG2SRODU ILOPV
LPSO\WKDWDODUJHIUDFWLRQRIWKHLPSODQWHG.UDWRPVJRLQWRWKHJUDLQVIRU2SRODUILOPV7KHLU
DEVHQFHIRUWKH=QSRODUILOPVVKRZWKDWWKHPDMRULW\RI.ULVORFDWHGLQWKHJUDLQERXQGDULHV
IRU=QSRODUILOPV,WLVSRVVLEOHWKDWWKHODUJHODWWLFHH[SDQVLRQKDVFDXVHGWKHIUDJPHQWDWLRQ
RIVRPHJUDLQVVRWKHDYHUDJHJUDLQVL]HLVUHGXFHG7KHLVODQGVXUIDFHVWUXFWXUHDVLVHYLGHQFHG
E\5+(('REVHUYHGIRUWKH=QSRODUILOPWKDWFDXVHWKHLPSODQWHG.ULRQVJRLQWRWKHJUDLQ
ERXQGDU\ 7KH$)0 LPDJHV VKRZQ LQ )LJ  DOVR FRQILUP WKH IODW VXUIDFH PRUSKRORJ\ RI
XQGRSHG2SRODU=Q2DQGWKHLVODQGVWUXFWXUHIRU=QSRODUILOP$QREYLRXVJUDQXODWLRQRI2
SRODUILOPVLVREVHUYHGZLWKWKHLQFUHDVHRIWKH.UFRQFHQWUDWLRQ5HODWLYHVPDOOFKDQJHVZHUH
REVHUYHGIRUWKH=QSRODU=Q2DIWHULPSODQWDWLRQZKLFKZDVFRQVLVWHQWZLWKRXUREVHUYDWLRQ
WKDWWKH.ULRQVZHUHLQWKHJUDLQERXQGDULHVLQ=QSRODUILOPV 
 
 
 
 
 ? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
),*  FRORU RQOLQH D DQG E WKH ;5' GDWD IRU WKH 2SRODU ILOP VKRZLQJ D DOO
UHIOHFWLRQV(the XRD peaks marked as S are from the Al2O3 substrate) DQGEDQHQODUJHG
SORWRIWKH=Q2UHIOHFWLRQXVLQJDORJVFDOHFDQGGEXAFS data for 5h1020 
cm-3 Kr doped O polar and Zn polar ZnO films; (c) a plot of 2 ( )N F N  and (d) | ( ) |RF   
 
 
Table II The calculated lattice constants, ):+0V and grain sizes for the ZnO films 
and wafers. 
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)LJ7KHHYROXWLRQRIVXUIDFHPRUSKRORJ\VKRZQE\$)0IRU2SRODUDDQG=QSRODU
E=Q2ILOPVLQ hϤPZLWK.UFRQFHQWUDWLRQIURP]HURXQGRSHGWR 5h1020 cm-3. 
The position of the Kr in the lattice was observed directly using EXAFS data shown in 
 ? 
 
Fig. 3 (c) and (d). This data was taken at beamline 20-BM at the Advanced Photon Source 
using fluorescence detection with a 13-element Ge detector and a Si (111) monochromator. 
Data collected in two separate runs were consistent, and the Fig. 3(c) shows the summed data 
from these runs. The EXAFS from both samples was very weak indicating the Kr atoms are in  
disordered sites.The small EXAFS amplitude made accurate background subtraction 
important.Kr has strong multi-electron features in the background that were removed by 
subtracting the background determined from Kr gas. The gas has the multi-electron background, 
but no EXAFS. The low R features in the transforms are the residuals of this background. There 
is a clear difference with the Zn polar sample having a smaller amplitude, which means more 
disorder and/or fewer neighbors in Zn polar samples. This is consistent with our XRD results 
that show the Kr atoms go to the grain boundary for the Zn polar films and into the grains for 
O polar film, resulting in a more disorder and/or few neighbors in Zn polar ZnO.  Measurements 
were also taken of the Zn near edge absorption.  Obviously, this measured all the Zn atoms in 
the film including those in the un-implanted region. There was no significant difference 
observed when the doped O polar film was compared with the doped Zn polar film (the data is 
shown as additional material). This indicates that we have no clear evidence that the defects 
that were formed increased or decreased the Zn ionization although the presence of the 
magnetism certainly implies that the implanted film has charged defects.   
5DPDQVFDWWHULQJZDVXVHGWRLGHQWLI\WKHGHQVLW\RIJUDLQERXQGDULHVDQGSRLQWGHIHFWV
DUHPHDVXUHGE\LQሺሻݖҧJHRPHWU\XVLQJ 514.5 nm laser excitation. Since the films were thin 
WKHVDSSKLUHSHDNVODEHOOHGµ6¶DW 380 cm-1, 418 cm-1, 578 cm-1 and 752 cm-1, are dominant in 
Fig.5. )RUWKHXQGRSHGILOPWKHUHDUHRQO\WZR=Q2SHDNVODEHOHGZLWK(/DWFPDQG
(+ at 439 cm-1. The low-frequency E2 mode is associated with the vibration of the heavy Zn 
sublattice, while the high-frequency E2 mode involves the oxygen sublattice [28] and the 
absence of other peaks in the spectra from the pure films show that there were no secondary 
phases within the detection limit.   
The total Raman intensity increased greatly in the implanted films. A new strong peak 
emerged at 580 cm-1 with a possible shoulder on the low frequency side as has been seen 
previously in doped and implanted ZnO [25,28-31] but also a strong broad response between 
50 cm-1 and 300cm-1 and a signal that increased, approximately linearly from 300 cm-1 to 
500cm-1. The peak at 580 cm-1 also appears in studies of nanoparticles [32,33] and may be 
related to the two Raman signals A1(LO) at 584 cm-1 and E1(LO) at 595 cm-1 that were 
forbidden for the pure films in ሺሻݖҧJHRPHWU\. The broadening around 540 cm-1 is attributed 
to multi-phonon scattering due to defects. The response between 50 cm-1 and 300 cm-1 follows 
 ? ? 
 
the phonon density of states [34,35] and is attributed to the amorphous regions in the domain 
walls.  A similar signal was also seen for As implanted ZnO [25] but not for nanoparticles [32] 
implying that it is the region of the grain boundary itself rather the finite grain size that is giving 
rise to this signal.  
The signals from pure ZnO seen at 101 cm-1 and 438 cm-1 are still clearly visible in Fig. 
3(b) for the Zn±polar film but significantly weakened and broadened in Fig. 4(a) for the O-
polar film. The peak at 438 cm-1 is clearly visible in other implanted ZnO films and doped 
nanoparticles [22,29,33]. This demonstrates that O-polar films are especially prone to become 
damaged. The low energy scattering dominates the signal from the O-polar film that was found 
to have reduced grain size. The peak at ~580 cm-1 is significantly stronger for the Zn-polar film 
which implies more numerous point defects in that film although the overall crystallinity that 
has been preserved so that the Raman lines E2(L) and E2(H) remain visible. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 (color online) Raman spectra for the undoped (red) and 5h1020 cm-3 Kr doped 
(blue) ZnO films. (a) O polar (b) Zn polar films and (c) M-H loops for the O-polar film 
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for Kr concentrations of 5h1019 cm-3, 1h1020 cm-3 and 5h1020 cm-3 measured at 
300K and 5K (d) Magnetization of the O-polar film measured at 5K as a function 
of Kr concentration. (The magnetization was assumed to arise from the optimally 
implanted region 10<d<70nm as shown in Figure 2) 
 
Magnetism measurements were performed for both doped and undoped samples at 5 K 
and 300 K. ([FHSWLRQDOO\ODUJHPDJQHWLFPRPHQWVZHUHREVHUYHGLQWKH2SRODUILOPVEXWQR
PDJQHWLFPRPHQWVDWDOOZHUHGHWHFWHGLQHLWKHUWKH=QSRODUILOPVRULQWKHFU\VWDOZKHQHLWKHU
RILWVIDFHVZHUHLPSODQWHGZLWK.U 
Figure 5(c) shows the field dependence of magnetization (M-H) curves, which were taken 
at 5K and 300K on the undoped and Kr doped O polar ZnO films.  The signal from an undoped 
ZnO film on a substrate has been subtracted from these plots and this has introduced an error 
of ±10 emu into all our measurements. 1RPDJQHWL]DWLRQDWHLWKHUWHPSHUDWXUHZDVREVHUYHG
IRUWKH5h1019 cm-3 Kr doped ZnO filmsEXWZKHQWKH.UGRSLQJFRQFHQWUDWLRQZDVLQFUHDVHG
WR 1h1020 cm-3, obvious magnetic hysteresis loops have been observed with a VDWXUDWLRQ
PDJQHWL]DWLRQ RI  DQG  HPXFP DW  . DQG  . UHVSHFWLYHO\ :KHQ WKH GRSLQJ
FRQFHQWUDWLRQLVIXUWKHULQFUHDVHGWR5h1020 cm-3, very Vubstantial temperature-independent 
ferromagnetism has been observed with the saturation magnetization of 186 and 185 emu cm-
3
 at 5 K and 300 K, respectively.   
The dependence of the magnetization on the Kr concentration is shown in Fig.4(d), which 
shows that the magnetization is nearly linear with Kr concentration. The saturation magnetism, 
Ms, and the moment per implanted Kr for the O-polar films at 5 K and 300 K are shown in 
Table III.  The very large moment observed per Kr ion indicates that it has occurred during the 
implantation process rather than being associated with a local moment from the Kr substituted 
in the ZnO lattice. The lack of any observable temperature dependence of the magnetization 
for the most heavily doped film and low coercive field is characteristic of magnetization due 
to defects [15,18,36].  The film doped with î cm-3 Kr ions had the same moment 
associated with each ion but in this case the coupling between the magnetizations in different 
defective regions is weaker leading to a reduced magnetization at 300K.  7KHJUDLQVL]HVRI
WKHVHILOPVQPIRUî cm-3DQGQPIRUWKHî cm-3GRSHGILOPVUHVSHFWLYHO\DUH
ERWKUDWKHUODUJHUWKDQWKHFULWLFDOYDOXHRIaQPSURSRVHGHDUOLHU>@ The moment per Kr 
is significantly larger than that deduced for implanted As which was 27PB/As [25].     
:HKDYHDOVRLQWURGXFHGDQDOWHUQDWLYHPHWKRGIRUFDOFXODWLQJWKHPRPHQWSHU.UDWRP
 ? ? 
 
ZKHUHE\ZHFDOFXODWHWKHWRWDOQXPEHURI.UDWRPVLQRXUILOPVXVLQJWKHGRVHVJLYHQLQ7DEOH
,7KHPRPHQWSHU.UFDOFXODWHGIURPWKLVYDOXHLVVLJQLILFDQWO\ORZHUVLQFHLWLVDVVXPHGWR
EH VKDUHG E\ DOO WKH .U DWRPV DQG QRW MXVW WKH RQHV LQ WKH UHJLRQ RI KLJKHVW GHQVLW\7KLV
DOWHUQDWLYHYDOXHLVPB/Kr which is still very much higher than might be expected to originate 
from a defect state localized at the Kr.   
 
Table III The saturation magnetism, Ms, and the moment per implanted Kr for O polar 
ZnO films at 5K and 300K.   
 
2SRODUILOP 0V(emu/cm3) 0V (PB/Kr) 
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XQGRSHG     
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 cm-3  ? േ ? ?  ? േ ? ?   
î cm-3  ? ?േ  ? ?  ? ?േ  ? ?   
î cm-3  ? ? ?േ  ? ?  ? ? ?േ  ? ?   
 
 
:H KDYH VKRZQ WKDW WKH VWUXFWXUDO SURSHUWLHV RI WKH LPSODQWHG 2SRODU =Q2 ILOP DUH
GLVWLQFWIURPWKRVHRIWKH=QSRODUILOPDQGWKH=Q2ZDIHU7KLVZDVVKRZQE\WKH;5'DQG
(;$)6WKDWVKRZHGWKDWWKH.UZDVLQFRUSRUDWHGLQWRWKHODWWLFHUDWKHUWKDQDJUDLQERXQGDU\
DQGWKHJUDLQVL]HGHFUHDVHGPRVWGUDPDWLFDOO\IRUWKH2SRODUILOP7KH5DPDQVSHFWUDVKRZHG
WKDWWKHJUDLQERXQGDULHVZHUHVFDWWHULQJVWURQJO\IRUWKH2SRODUILOP%\FRQWUDVWWKHUHZDV
VWURQJHUHYLGHQFHRISRLQWGHIHFWVFDWWHULQJIURPWKH=QSRODUILOPZKLFKZDVQRWPDJQHWLF
:HEHOLHYHWKDWWKHZHOONQRZQWHQGHQF\RIWKH2SRODUILOPVWRDEVRUELPSXULWLHV>@DQG
LWVIODWVXUIDFHPRUSKRORJ\KDVOHGWRWKHLQFRUSRUDWLRQRIWKH.ULRQVLQWKHODWWLFHDQGWKHODUJH
VL]HRIWKH.UUHODWLYHWR]LQFRUR[\JHQKDVOHGWRWKHVWUDLQVWKDWFDXVHWKHJUDLQVWRIUDFWXUH
DQGSURGXFHWKHJUDLQERXQGDULHVWKDWDUHUHVSRQVLEOHIRUWKHPDJQHWLVP 
7KHREVHUYHGPDJQHWL]DWLRQZDVDOPRVWLQGHSHQGHQWRIWHPSHUDWXUHLPSO\LQJWKDWLWDULVHV
IURPSRODUL]HGHOHFWURQVLQDQDUURZGHIHFWEDQG>@ 7KXVZHH[SHFW WKDW WKHPDJQHWLVP
DULVHVIURPWKRVHGHIHFWVWKDWDUHVXIILFLHQWO\FORVHWRHDFKRWKHUWRIRUPGHIHFWEDQGVRWKHU
GHHSLVRODWHGGHIHFWV WKDWKDYH ORFDOL]HGVWDWHVZLOOQRWSOD\DQLPSRUWDQWUROH:HFDQDOVR
H[SHFWWKDWERWKGRQRUDQGDFFHSWRUGHIHFWVDUHIRUPHGDVIRUH[DPSOHD=QYDFDQF\DFFHSWRU
DQGD=QLQWHUVWLWLDOGRQRUDUHIRUPHG 
*UDLQERXQGDULHVDUHUHJLRQVZKHUHWKHUHDUHFRPSOH[GHIHFWV $JUDLQERXQGDU\GHIHFW
 ? ? 
 
PRGHOKDVEHHQSURSRVHGZKLFKVXJJHVWVWKDWWKHQHJDWLYHFKDUJHG=QYDFDQFLHVUHVLGHRQWKH
JUDLQERXQGDU\WRFRPSHQVDWHWKHSRVLWLYHO\FKDUJHG2YDFDQFLHVH[WHQGLQJLQWRWKHDGMDFHQW
JUDLQV>@3RVLWURQDQQLKLODWLRQVSHFWURVFRS\3$6KDVEHHQSHUIRUPHGLQD'RSSOHUPRGH
WRFKDUDFWHUL]HWKHQHJDWLYHO\FKDUJHGJUDLQERXQGDU\GHIHFW9=QDWWKHJUDLQERXQGDU\
LQWHUIDFHLQ=Q2>@5HFHQWWKHRUHWLFDOVWXG\RQd0PDJQHWLVPLQ=Q2DOVRVKRZWKDWWKH=Q
YDFDQF\WHQGVWREHDWWUDFWHGPRUHHDVLO\WRWKHJUDLQERXQGDULHVUHODWLYHWRWKHEXONOLNH
UHJLRQDQG9=QLQGXFHVVSLQSRODUL]DWLRQWRWKH2VLWHVRULJLQDWLQJIURPWKH2SRUELWDOVDW
WKHJUDLQERXQGDU\>@ 
,QRXUH[SHULPHQWLPSODQWHG.ULRQVJRLQWRWKHJUDLQVIRU2SRODU=Q2DQGLQWURGXFH
YDULRXVYDFDQFLHVDQGLQWHUVWLWLDOVDQGDPDUNHGJUDLQIUDJPHQWDWLRQ7KH=QYDFDQFLHVPD\
EHDWWUDFWHGWRWKHJUDLQERXQGDU\DQGIRUPWKHGHIHFWVEDQGVZKLFKDUHPDJQHWLF,QWKLV
ZRUNZHXVHG5DPDQVSHFWUDWRVWXG\WKHGHIHFWV3RLQWGHIHFWFDQJLYH5DPDQVFDWWHULQJDW
KLJKZDYHYHFWRUZKLOHFRPSOH[GHIHFWVDWWKHJUDLQERXQGDU\DUHODUJHVRFDQJLYHD
UHVSRQVHDWORZZDYHYHFWRU7KHORZHQHUJ\VFDWWHULQJGRPLQDWHVWKHVLJQDOIURPWKH2
SRODUILOPWKDWZDVKLJKPDJQHWLFZKLOHWKHSHDNDWaFPLVVLJQLILFDQWO\VWURQJHUIRU
WKH=QSRODUILOPZKLFKLPSOLHVPRUHQXPHURXVSRLQWGHIHFWVLQWKDWILOP2XUZRUNKDV
LQGLFDWHGWKDWLRQLPSODQWHG2SRODU=Q2ILOPVDUHSDUWLFXODUO\SURQHWRJHQHUDWHDPRUSKRXV
UHJLRQVWKDWDUHVWURQJO\PDJQHWLF 
2XUZRUNKDVDOVR VKRZQ WKDW WKHPDJQHWLVP LQ WKHERXQGDU\ UHJLRQDW WKHVXUIDFHRI
JUDLQVGHSHQGVRQKRZWKLVVXUIDFHLVJHQHUDWHG7KHVXUIDFHRIQDQRSDUWLFOHVJHQHUDWHVDOPRVW
QRPDJQHWLVPDQGWKH5DPDQVSHFWUXPIURPQDQRSDUWLFOHVLVYHU\GLIIHUHQWIURPWKDWIRXQG
IURPWKHLPSODQWHGFU\VWDOV>@:HKDYHVKRZQWKDWWKHJUDLQERXQGDULHVWKDWDUHSURGXFHG
GXHWRLRQLPSODQWDWLRQDUHPRUHHIILFLHQWDWJHQHUDWLQJPDJQHWLVPWKDQWKRVHWKDWKDYHEHHQ
REVHUYHGSUHYLRXVO\>@DQGWKDWLRQLPSODQWHG2SRODU=Q2ILOPVDUHSDUWLFXODUO\SURQH
WRJHQHUDWHDPRUSKRXVUHJLRQVWKDWDUHVWURQJO\PDJQHWLF 
 
4. Conclusions 
,Q WKLV SDSHU PXOWLHQHUJ\ LRQ LPSODQWDWLRQ KDV EHHQ HPSOR\HG WR LQWURGXFH GLIIHUHQW
FRQFHQWUDWLRQVRINU\SWRQ LQWRGLIIHUHQWV\VWHPV2DQG=QSRODU WKLQILOPVDQGD WKLQ=Q2
FU\VWDOZDIHU:HKDYHVKRZQE\WKH;5'DQG(;$)6WKDWWKH.UZDVLQFRUSRUDWHGLQWRWKH
ODWWLFHUDWKHUWKDQDJUDLQERXQGDU\DQGWKHJUDLQVL]HGHFUHDVHGPRVWGUDPDWLFDOO\IRUWKH2
SRODUILOP7KHODUJHVWPDJQHWL]DWLRQRIHPXFPDWURRPWHPSHUDWXUHWKDWFRUUHVSRQGVWR
DPRPHQWRIa%RKUPDJQHWRQVSHULPSODQWHGNU\SWRQLRQLVIRXQGRQO\LQWKHO-polar =Q2
 ? ? 
 
ILOPV7KLVLVDFFRPSDQLHGE\DPDUNHGGHFUHDVHLQWKHJUDLQVL]HDVLQGLFDWHGE\;5'OHDGLQJ
WR DQ LQFUHDVH LQ WKH YROXPH RI WKH VDPSOH RFFXSLHG E\ JUDLQ ERXQGDULHV ,Q FRQWUDVW WKH
LQFUHDVHLQWKHQXPEHUVRISRLQWGHIHFWVZKLFKZHUHLGHQWLILHGE\5DPDQVFDWWHULQJZHUHOHVV
HIIHFWLYHDWSURGXFLQJDPDJQHWLFVLJQDO:HKDYHVKRZQWKDW WKHJUDLQERXQGDULHV WKDWDUH
SURGXFHGDVDUHVXOWRILRQLPSODQWDWLRQDUHPRUHHIILFLHQWDWJHQHUDWLQJPDJQHWLVPWKDQWKRVH
WKDWKDYHEHHQREVHUYHGSUHYLRXVO\2XUZRUNKDVLQGLFDWHGWKDWLRQLPSODQWHG2SRODU=Q2
ILOPVDUHSDUWLFXODUO\SURQHWRJHQHUDWHDPRUSKRXVUHJLRQVDVVRFLDWHGJUDLQERXQGDULHVWKDWDUH
VWURQJO\PDJQHWLF 
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